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Diffusion has been widely used to describe a random walk of particles or waves, and it re-
quires only one parameter – the diffusion constant. For waves, however, diffusion is an ap-
proximation that disregards the possibility of interference1. Anderson localization2, which
manifests itself through a vanishing diffusion coefficient in an infinite system3, 4, originates
from constructive interference of waves traveling in loop trajectories – pairs of time-reversed
paths returning to the same point5, 6. In an open system of finite size, the return probabil-
ity through such paths is reduced, particularly near the boundary where waves may escape.
Based on this argument, the self-consistent theory of localization and the supersymmetric
field theory predict7–9 that the diffusion coefficient varies spatially inside the system. A di-
rect experimental observation of this effect is a challenge because it requires monitoring wave
transport inside the system. Here, we fabricate two-dimensional photonic random media and
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probe position-dependent diffusion inside the sample from the third dimension. By varying
the geometry of the system or the dissipation which also limits the size of loop trajectories,
we are able to control the renormalization of the diffusion coefficient. This work shows the
possibility of manipulating diffusion via the interplay of localization and dissipation.
As first shown by Einstein in his theory of Brownian motion, the diffusion equation describes
the evolution of the density of particles each undergoing a random walk10. The concept of diffu-
sion has since been used to describe transport phenomena in both physics and other sciences. The
power of this approach is that it requires knowledge of a single parameter, the diffusion constant,
regardless of the underlying microscopical mechanisms of transport. If the spatial gradient of
particle density is not too large, the particle flux is linearly proportional to the gradient, and the
coefficient is the diffusion constant. Diffusion is also applicable to waves11–13, but it ignores inter-
ference effects. When inelastic scattering is negligible, most of the elastically scattered waves have
uncorrelated phases and their interference is averaged out. Nevertheless, a wave may return to a
position it has previously visited after a random walk, and there is always the time-reversed path
which yields identical phase delay. Constructive interference of the waves from the reversed loops
increases wave (energy) density at the original position and decreases the flux, giving the so-called
weak localization effect5. This is the basic mechanism for the suppression of wave diffusion, which
eventually leads to Anderson localization14.
In the self-consistent theory of localization, the diffusion coefficient D is renormalized, and
the amount of renormalization is proportional to the return probability of waves via the looped
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paths3, 4. In an open system of finite size, the return probability is reduced because the longer loops
may reach the boundary where waves escape. Thus the renormalization of D depends on the sys-
tem size. Moreover, near the boundary the chance of escape is higher, so the renormalization of D
is weaker. This means the value of D is no longer constant but varies spatially7–9. In the presence of
dissipation the long loops are also cut, thus the renormalization of the diffusion coefficient depends
on the amount of dissipation. This sets an effective system size beyond which the wave will not
return15. Although self-consistent theory has successfully interpreted several experiments16–19, its
key prediction of position-dependent diffusion has not been observed directly because it is difficult
to probe wave transport inside the system experimentally.
Here we report direct experimental evidence of position-dependent diffusion by probing light
transport inside a quasi-two-dimensional random system from the third dimension. The system
size and shape are designed to make the return probability sufficiently high so that the diffusion
coefficient is modified appreciably. We also use dissipation to control the effective system size,
and tune the value of D via the interplay of localization and dissipation. This work demonstrates
the possibility of utilizing the geometry of a random system or the dissipation to manipulate wave
diffusion.
We designed and fabricated two-dimensional (2D) disordered waveguide structures in a
220 nm silicon layer on top of 3 µm buried oxide. The patterns were written by electron beam
lithography and etched in an inductively coupled plasma reactive ion etcher. As shown in the scan-
ning electron microscope images in Fig. 1, the waveguide has sidewalls made of periodic arrays
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of air holes. They possess a 2D photonic bandgap that covers the wavelength range of the probe
light (λ = 1500 nm – 1520 nm), thus providing optical confinement in the plane of the waveg-
uide. Light enters the waveguide from an open end and is incident onto a 2D array of air holes
inside the waveguide. The random pattern of air holes causes light to scatter while going through
the waveguide. The transport mean free path ℓ is determined by the size and density of air holes.
Light localization will occur if the length of the random array L exceeds the localization length
ξ = (π/2)Nℓ, where N = 2W/(λ/ne) is the number of propagating modes in the waveguide, W
is the waveguide width, λ is the optical wavelength in vacuum, and ne is the effective index of
refraction of the random medium. Since N scales linearly with W , ξ can be easily tuned by vary-
ing the waveguide width. Therefore, by changing the waveguide geometry (L, W ), we can reach
both the diffusion regime (ℓ < L < ξ) and localization regime (L > ξ)20, 21. Although there is no
mobility edge19 in such a system, it is not essential for our goal of observing position-dependent
diffusion.
In order to apply the self-consistent theory of localization to the analysis of the experimen-
tal data below, we first validate it with numerical simulations under conditions close to those in
the experiment. We computed the position-dependent diffusion coefficient without making any
assumption about the nature or strength of wave interference (see the Methods section). Figure 2
plots the calculated D(z)/D0 (the lower dashed line) for L/ξ = 3.0, where D0 is the diffusion
coefficient without renormalization.. The z axis is parallel to the waveguide, and the random ar-
ray extends from z = 0 to z = L. The renormalized D(z) drops to 0.17D0 in the middle of the
random waveguide (z = L/2). Using the self-consistent theory of localization (see the Supple-
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mentary Information) we calculate D(z)/D0 (the lower solid line in Fig. 2) and it is in excellent
agreement with the ab-initio simulation without any fitting parameters. Previous studies show that
further into the localization regime where resonant tunneling dominates wave transport, the self-
consistent theory of localization underestimates the energy density inside the random system that
is strongly affected by the presence of necklace states22. In our experiment we avoid such a regime
and stay where the self-consistent theory of localization holds23.
Another factor we shall consider is the dissipation of light in the random waveguide. Within
the wavelength range of the probe, light absorption by silicon or silica is negligible. However, light
is scattered out of the waveguide plane by the random array of air holes. Such scattering allows us
to monitor the intensity distribution inside the system from the vertical direction. The question is
whether the out-of-plane scattering can be treated as incoherent dissipation. In a periodic array of
scatterers, long-range correlation of light fields makes the waves scattered from different locations
phase coherent and their interference in the far field zone determines the out-of-plane leakage. In
contrast, in a random array of scatterers, the fields are correlated24, 25 only within a distance of
the order one transport mean free path ℓ, and waves from different coherent regions of size ℓ × ℓ
have uncorrelated phases. Since there are a large number of such coherence regions ℓ × ℓ in our
waveguides W × L, the overall leakage may be considered incoherent and treated effectively as
absorption.
To illustrate the effect of dissipation on position-dependent diffusion, we perform numerical
simulations. The diffusive absorption length in the random system is ξa0 =
√
D0τa, where τa is
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the ballistic absorption time. When ξa0 becomes smaller than the localization length ξ, the effect
of dissipation is significant. Figure 2 plots the calculated D(z)/D0 in the random waveguide
with ξa0/ξ = 0.45 (the upper dashed line) in comparison to that with ξa0 = ∞ (no absorption).
The suppression of diffusion is weakened by the absorption, and a plateau for the renormalized
diffusion coefficient is developed inside the disordered system. This result can be understood as
follows. Dissipation suppresses feedback from long propagation paths, limiting the effective size
of the system21 to the order of diffusive absorption length for any position that is more than one
ξa0 away from the open boundary (ξa0 < z < L − ξa0)23. Thus the renormalized D reaches a
constant value equal to that of an open system of dimension ∼ 2ξa = 2
√
Dτa. In the remaining
regions that are within one ξa0 to the boundary (z < ξa0 and L− z < ξa0), the diffusion coefficient
is still position dependent due to leakage through the boundary and D increases toward the value
of D0 without renormalization. We note that the extent of these regions ξa0 is much greater than
the transport mean free path ℓ. The latter determines the boundary region where the diffusion
approximation is not accurate even without wave interference26. Figure 2 also shows the prediction
of self-consistent theory of localization in the presence of dissipation (the upper solid line), and it
agrees well with the numerical result.
Experimentally there are three advantages to using the planar waveguide geometry. First, it
allows a precise fabrication of the desired system using lithography so that the parameters such as
the transport mean free path can be accurately controlled. Second, the localization length ξ ∝ W
can be varied by changing the waveguide width, while the diffusive absorption length ξa0 remains
fixed. This allows us to separate the effects of localization and dissipation by testing waveguides
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Figure 1: Experimental realization of disordered waveguides. Top-view a and tilt-view b scan-
ning electron microscopy (SEM) images of an optical waveguide fabricated in a silicon membrane
on top of silica. The two sidewalls of the waveguide consist of triangular lattices of air holes (lat-
tice constant 440 nm, hole radius 154 nm). They possess a 2D photonic bandgap and behave like
reflecting walls for light incident from all angles in the waveguide. The probe light is coupled from
a silicon ridge waveguide to an empty photonic crystal waveguide, then impinge onto a random
array of air holes (hole diameter 100 nm, and areal density 6 %) inside the waveguide.
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of different width. Finally, unlike 2D random systems27, the additional confinement of light by the
waveguide sidewalls makes ξ scale linearly with ℓ. Even if scattering is relatively weak (kℓ ≫ 1,
where k is the wavenumber), the waveguide length L can easily exceed ξ so that the localization
effect is strong enough to modify diffusion. Instead of designing the disorder to maximize scat-
tering (minimizing kℓ), we deliberately lower the density of air holes to mitigate the out-of-plane
scattering loss and maximize the ratio ξa0/ξ.
In the optical measurement, output from a wavelength-tunable continuous-wave laser (HP
8168F) was coupled to the waveguide through a single-mode polarization-maintaining lensed fiber
as shown schematically in Fig. 3a. To ensure efficient confinement in disordered waveguide, the
transverse-electric (TE) polarization (electric field in the plane of the waveguide) of the incident
light was chosen. A near-field optical image of the spatial distribution of light intensity across
the structure surface was taken by collecting light scattered out of plane using a 50X objective
lens (numerical aperture 0.42) and recorded by an InGaAs camera (Xenics Xeva 1.7-320). An
example of the near-field image is shown in Fig. 3b, from which the intensity distribution I(y, z)
is extracted. The y axis is in the waveguide plane and perpendicular to the direction of incident
beam. I(y, z) was integrated over the cross section of the waveguide (along the y axis) to obtain the
evolution of intensity I(z) in the incident direction (parallel to the z axis). For each configuration
(width W , length L, transport mean free path ℓ) of the disordered waveguides, I(z) was averaged
over two random realizations of air holes and fifty input wavelengths equally spaced between
1500 nm and 1520 nm. The wavelength spacing was chosen to produce independent intensity
distributions.
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Figure 2: Numerical simulations of position-dependent diffusion. Numerically calculated
diffusion coefficient D(z) (dashed curves) at position z (0 < z < L) in a waveguide filled with
randomly positioned scatterers. The waveguide has length L = 3ξ (ξ is the localization length) and
supports N = 10 modes. The solid curves represent the prediction of the self-consistent theory of
localization. D0 denotes the diffusion coefficient that ignores interference effects. In the absence
of absorption (diffusive absorption length ξa0 = ∞), D(z) drops to a minimum of 0.17D0 in the
middle of the waveguide. With the addition of absorption (ξa0/ξ = 0.45), D(z) exhibits a plateau
for ξa0 < z < L− ξa0, and its value Dp is determined by the ratio ξa0/ξ.
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Figure 3: Optical measurement of light inside random medium. a, A schematic depiction of
light coupling from a lensed fiber to a waveguide in the silicon membrane. b, A near-field optical
image showing the spatial distribution of light intensity in a random waveguide with a configuration
similar to that shown in Fig. 1. The wavelength of the probe light is 1510 nm. A 50× objective lens
collects the light scattered by the air holes out of the waveguide plane and images onto a camera.
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Figure 4a shows the measured I(z) inside the ensembles of random waveguides ofW varying
from 60 µm to 5 µm (blue solid lines). All other parameters are kept the same, L is fixed at 80 µm,
the diameter of air holes is 100 nm, and average (center-to-center) distance of adjacent holes is
390 nm. ℓ and ξa0 are obtained by fitting the least localized sample, W=60 µm (longest ξ), with
the self-consistent theory of localization (red dashed line). We find that ℓ = 2.2 ± 0.1 µm and
ξa0 = 30 ± 0.5 µm. With the parameters found from the W=60 µm sample, the self-consistent
theory of localization successfully predicts the decay for I(z) in all other samples with W=40 µm,
20 µm, 10 µm, 5 µm (red solid lines). We stress that the excellent agreement with the experimental
data are obtained without any free parameter except the vertical intensity scale. The position-
dependent diffusion coefficients D(z) corresponding to the red curves in Fig. 4a are shown in
Fig. 4b. We can clearly see that the diffusion coefficient is reduced inside the sample, and its value
varies along z. Farther away from the open boundary, D has a smaller value. In the narrower
waveguides, the reduction of D is larger due to stronger localization effect. In the most localized
sample of W = 5µm, D is reduced to 0.65D0 at z = L/2. In an attempt to further reduce D, we
double the length of random system L to 160 µm. As shown in Fig. 4c,d for W=5 µm, the minimal
D no longer decreases, instead it saturates in the middle of the random waveguide. This behavior
is attributed to dissipation which suppresses localization. As the system length L becomes much
larger than the diffusive absorption length ξa0, D(z) saturates to a constant value Dp inside the
disordered waveguide, similar to the simulation result shown in Fig. 2.
Finally we exploit the interplay between dissipation and localization to tune the saturated
value of the diffusion coefficient inside the random system. To this end, we increase the density of
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Figure 4: Experimental measurement of light transport inside disordered waveguides. a, Ex-
perimentally measured light intensity I(z) inside random waveguides of different width W and
constant waveguide length L=80 µm (blue solid lines). The curves are vertically shifted for a
clear view. ℓ=2.2 µm and ξa0=30 µm are found by fitting the W=60 µm sample with the self-
consistent theory of localization (red dashed line). With these parameters, the self-consistent the-
ory of localization predicts I(z) for other samples of W=40 µm, 20 µm, 10 µm, 5 µm (red solid
curves), and the prediction agrees well with the experimental data without any free parameter ex-
cept the vertical intensity scale. b, Position-dependent diffusion coefficients for the five samples
in a. c, Experimentally measured I(z) of two waveguides with the same width W=5 µm but dif-
ferent length, L=80 µm, 160 µm (blue solid curves). Red solid curves represent the prediction of
the self-consistent theory of localization using the same values of ℓ and ξa0 as in a. d, Diffusion
coefficients D(z) for the two samples in c, showing the saturation of D inside the longer sample
L=160 µm.
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scatterers to reach the deep saturation region ξa0 ≪ L. In the second set of samples, the diameter of
air holes is 150 nm, and the average distance between adjacent holes is 370 nm. Waveguide length
L is set at 80 µm and W varies from 5 µm to 60 µm. Experimental data of measured intensity
I(z) inside the random waveguides are presented in Fig. 5a. By fitting the W=60 µm sample
with the self-consistent theory of localization (red dashed line), we obtain ℓ = 1.0 ± 0.1 µm
and ξa0 = 13.0 ± 0.3 µm. With these values, the self-consistent theory of localization gives the
spatial profiles of I(z) for W=40 µm, 20 µm, 10 µm, 5 µm (red solid lines), which agree well
with the experimental data with no fit. The corresponding values of D(z) are plotted in Fig. 5b.
Due to stronger scattering (smaller ℓ) and larger out-of-plane loss (shorter ξa0), D(z) for all five
samples displays a well-developed plateau inside the sample. The saturated value Dp decreases
withW – the narrower waveguide has smallerDp. Hence, without changing the disorder or altering
the dissipation rate, we can control the diffusion inside a random system by merely varying its
geometry (W in this case).
Renormalization of the diffusion coefficient D has long been considered as a theoretical
approach to tackle the problem of localization. Here we present direct experimental evidence of
suppressed diffusion of light inside the random systems. This is an intrinsic wave phenomenon,
hence our conclusions also apply to acoustic wave, microwave and even the de Broglie wave of
electrons. The diffusion coefficient D is altered by wave interference and such modification de-
pends on the position inside an open random system. By varying the size and shape of the random
system, we are able to control the strength of wave interference and consequently the degree of
renormalization of D. We also show that the presence of dissipation prevents D from approach-
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Figure 5: Tuning the diffusion coefficient via the interplay of localization and dissipation.
a, Experimentally measured light intensity I(z) inside random waveguides in the deep saturation
regime ξa0 ≪ L (blue solid lines). The curves are vertically offset for a clear view. The length and
width of the waveguides are given in the graph. ℓ = 1.0 µm and ξa0 = 13 µm are found by fitting
the W=60 µm sample with the self-consistent theory of localization (red dashed line). This is then
used to predict I(z) for other samples W=40 µm, 20 µm, 10 µm, 5 µm (red solid curves). The
prediction of the self-consistent theory of localization is in good agreement with the experimental
data with no fitting parameters except the vertical intensity scale. b, Diffusion coefficients D(z)
for all samples in a are saturated in the region ξa0 < z < L− ξa0. The saturated values are smaller
for narrower waveguides.
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ing zero and sets a limit for the minimal D that can be reached by the localization effect. Such
effect of dissipation is expected to be similar to that of dephasing in the electronic systems28. The
interplay between localization and dissipation enables us to tune the value of D inside random
systems. The results presented in this work are obtained by directly probing light transport inside
the random media, which allows us to extract the diffusion coefficient anywhere inside the system.
Such experiments open the path to measure other transport properties inside random systems, e.g.,
intensity correlations and fluctuations.
Methods
Numerical simulations: The numerical data shown in Fig. 2 were obtained from the ab-initio sim-
ulation of a monochromatic scalar wave propagating in a 2D waveguide filled with random scat-
terers. With continuous-wave excitation from one end of the waveguide (z = 0), we computed
the energy density W(z) and flux along the z axis Jz(z), and averaged them over the cross sec-
tion of the waveguide. The position-dependent diffusion coefficient was found from Fick’s law as
D(z) = −〈Jz(z)〉/ [d〈W(z)〉/dz], where angular brackets denote the ensemble average. Using
a supercomputer, we numerically simulated an ensemble of 106 waveguides with different disor-
der configurations. To obtain the value of the diffusion coefficient D0 without renormalization,
we used the single parameter scaling and the expression for direction-resolved flux, as detailed in
Supplementary Information. In the absorbing samples we used the continuity equation to calculate
the absorption time τa.
Self-consistent theory of localization: The application of self-consistent theory of localization with
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a position-dependent diffusion coefficient to disordered waveguides was described in Ref. 15. It
involves the diffusion equation which defines the return probability and a self-consistency equation
that relates diffusion coefficient D(z) to the return probability. We solved these two equations by
iteration until we found D(z) which satisfied both equations, see the Supplementary Information
for more details.
Design of photonic crystal walls for 2D waveguides: The triangular lattice of air holes that form the
sidewalls of the random waveguide were designed to have a 2D photonic bandgap for TE polarized
light in the wavelength range of 1450 nm – 1550 nm. The photonic band structure was calculated
with the plane wave expansion method29.
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SUPPLEMENTARY INFORMATION
Position-dependent diffusion of light in disordered waveguides
Alexey G. Yamilov, Raktim Sarma, Brandon Redding, Ben Payne, Heeso Noh & Hui Cao
1 Calculation of position-dependent diffusion coefficient D(z)
In the ab-initio numerical simulation, we consider a monochromatic scalar wave E(r)e−iωt prop-
agating in a 2D volume-disordered waveguide of width W and length L ≫ W . The wave field
E(r) obeys the 2D Helmholtz equation:
{
∇2 + k2 [1 + δǫ(r)]
}
E(r) = 0. (1)
Here k = ω/c is the wavenumber and δǫ(r) = (1 + iα)δǫr(r), where δǫr(r) describes the random
fluctuation of the dielectric constant, and α > 0 denotes the strength of absorption. The system
is excited from one open end (z = 0) of the waveguide (extending from z = 0 to z = L) by
illuminating each of the guided modes with a unit flux. The wave field E(r) throughout the random
medium is computed with the transfer matrix method for a given realization of disorder15. From
E(r) we calculate the energy density W(z) and the flux Jz(z) along the z axis (parallel to the
waveguide axis). These two quantities are averaged over the cross section of the waveguide at each
z and give the diffusion coefficient:
D(z) = −〈Jz(z)〉/ [d〈W(z)〉/dz] , (2)
1
where the averages 〈. . .〉 are taken over a statistical ensemble of 106 disorder realizations.
In order to compare our numerical results for D(z) with the self-consistent theory of local-
ization, we need to have the value of the diffusion coefficient without renormalization due to the
wave interference effects D0 = vℓ/2. To estimate the transport mean free path ℓ in our model we
perform a set of simulations for different waveguide lengths L, exploring both the regime of diffu-
sion L < ξ and that of Anderson localization L > ξ. We computed numerically the conductance
g as the sum of transmission coefficients from all incoming to all outgoing waveguide modes. The
dependencies of the average 〈g〉 and variance var(g) on L are fitted by the analytical expressions
obtained by Mirlin in Ref. 30 using the supersymmetry approach with ℓ being the only fit parameter.
To find the diffusive speed v we use the definition of diffusive flux in the forward (+z) direction
J (+)z (z) and the backward (−z) direction J (−)z (z) with respect to the propagation direction1
〈J (±)z (z)〉 = (v/π)〈W(z)〉 ∓ (D(z)/2)d〈W(z)〉/dz. (3)
Combining the two components we find the diffusive speed
v = 2
(
〈J (+)z (z)〉 + 〈J (−)z (z)〉
)
/〈W(z)〉. (4)
Dashed lines in Fig. 2 depict D(z) found in equation (2) normalized by D0.
In the dissipative random waveguides, the characteristic absorption time τa is determined
numerically using the condition of flux continuity d 〈Jz(z)〉 /dz = (1/τa) 〈W(z)〉. The desired
diffusive absorption length ξa0 =
√
D0τa can be obtained by the proper choice of α in equation (1).
2
2 Self-consistent theory of localization
The self-consistent theory starts with the Green’s function G(r, r′) of equation (1) with δǫ(r) =
δǫr(r)+iα. In a random waveguide, the disorder-averaged function Cˆ(r, r′) = (4πWD0/cL)〈|G(r, r′)|2〉
obeys self-consistent equations in a dimensionless form8, 15:

( L
ξa0
)2
− ∂
∂ζ
d(ζ)
∂
∂ζ

 Cˆ(ζ, ζ ′) = δ(ζ − ζ ′), (5)
1
d(ζ)
= 1 +
2L
ξ
Cˆ(ζ, ζ), (6)
where d(ζ) = D(ζ)/D0 and all position-dependent quantities are functions of the longitudinal
coordinate ζ = z/L. The quantity Cˆ(ζ, ζ), which renormalizes the diffusion coefficient, is pro-
portional to the return probability at ζ . Assuming first that d(ζ) ≡ 1, equations (5,6) are solved by
iteration with the boundary conditions:
Cˆ(ζ, ζ ′)∓ z0
L
d(ζ)
∂
∂ζ
Cˆ(ζ, ζ ′) = 0 (7)
at ζ = 0 and ζ = 1. The z0 = (π/4)ℓ is the so-called extrapolation length1.
After the self-consistent solution of equations (5-7) has been found, we find the inten-
sity distribution inside the sample by replacing the delta-function source in equation (5) with
(L/ℓ) exp [−ζ/(ℓ/L)]. This source term represents the exponential attenuation of the incident
ballistic signal.
3
3 Experimental details
The experimental setup for optical characterization is shown in Fig. S1(a). We used a single-mode
polarization-maintaining fiber to deliver the probe light into a silicon ridge waveguide on a SOI
substrate. The fiber was tapered at the end to focus the laser beam to a spot of diameter ∼ 2.5 µm
at the edge of the wafer. The ridge waveguide had the same width as the random waveguide it
was connected to, which varied from 5 micron to 60 micron [Fig. S1(b)]. However, the height
of the silicon waveguide was merely 220 nm, so some of the input light did not couple into the
waveguide; instead it propagated above or below the waveguide. To avoid such stray light, the
ridge waveguide was tilted by 30 degrees with respect to the incident direction of the light from
the fiber (approximately normal to the edge of the wafer). The ridge waveguide was made 2.5 mm
long, so that the random waveguide structure is far from the direct path of the stray light. In
addition, uniform illumination of the front surface of the random structure inside the waveguide
was ensured by positioning the tapered fiber approximately at the center of the input facet of the
ridge waveguide. The spatial distribution of light intensity over the sample was imaged by an
objective lens onto an IR CCD camera [not shown in Fig. S1(a)].
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Figure S 1: Optical measurement setup. a, Schematic of experimental setup for measuring light
transport inside the random waveguide. b, Photograph of the experimental setup. c, Schematic
of the sample layout showing the ridge waveguides coupling the probe light from the edge of
the wafer to the random waveguides with photonic crystal sidewalls. d, Layout of the fabricated
structures studied experimentally.
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